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ABSTRACT
The global hydrologic regime has been intensively altered through activities such as dam construction, water abstraction, 
and inter-basin transfers. This paper uses the Range of Variability Approach (RVA) and daily stream flow records from 
nine gauging stations to characterize stream-flow post dam construction in the Manyame catchment, Zimbabwe. We 
identify which variables continue to be altered, upstream and at different distances downstream, to distinguish sections 
with the highest potential for ecological disruption and to understand how hydrological alterations dissipate downstream 
of dams. Our results indicate that different sections of the same river have different stream-flow characteristics post dam 
construction. The most adverse effects of dams were on downstream stretches of the river which were characterized by 
low flows, extreme low flows and an increased number of zero-flow days. These differences reflect the operation rules 
of the Manyame catchment dams. While the change in stream-flow characteristics is apparent in the 0–10 km range, it 
is slightly felt in the 11–20 km range and totally disappears at distances >20 km downstream of dams. These changes in 
stream characteristics, and that damming is only restricted to the upper third of the catchment, make the hydrologic 
fragmentations in the catchment minor. However, the continued hydrologic alterations post dam construction raise 
important concerns about the interactions of hydrology with other factors like sediment deposition upstream of dams and 
climate change. We recommend that catchment managers target enhancing the natural flow variability of the river instead 
of meeting target flows.
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INTRODUCTION
Flow is the primary driver of physical habitat conditions in 
rivers, which in turn is a major determinant of biotic com-
position (Jiang et al., 2014). Water allocated for freshwater 
ecosystems (environmental flows) must therefore be in the 
context of the natural variability of the flow regime (Mathews 
and Richter, 2007). The natural variability of the flow regime 
is of ecological significance and has been reported to deter-
mine the composition, diversity, productivity, and resilience 
of ecosystems (Smakhtin et al., 2004). Furthermore, lotic 
organisms which evolved in the context of natural flow 
regimes may not thrive in new imposed regimes (Pyron and 
Neumann, 2008). However, the global hydrologic regime has 
been intensively altered through activities such as dam con-
struction, inter-basin transfers and water abstraction (Pringle 
et al., 2000; Pyron and Neuman, 2008). Dam construction, for 
instance, alters important characteristics of the flow regime, 
i.e., magnitude, frequency, duration, timing (predictability), 
and the rate of change (flashiness) (Poff et al., 1997; Dudgeon, 
2000; Jiang et al., 2014). This results in hydrologic fragmenta-
tion (Jiang et al., 2014), habitat fragmentation, conversion of 
lotic to lentic habitat, degraded water quality, altered sedi-
ment transport processes, and changes in timing and duration 
of floodplain inundation (Pringle et al., 2000). Such changes 
have an impact on biological communities and the ecologi-
cal integrity of rivers worldwide (Dudgeon, 2000; Pringle et 
al., 2000). As such, many studies (e.g. Poff et al., 1997; Richter 
et al., 1997; Pringle et al., 2000; Gao et al., 2013; Jiang et al., 
2014) have been conducted to investigate and characterize the 
hydrological consequences of damming. However, many of 
these studies have used the traditional approach of compar-
ing flow variability before and after dam construction. This is 
ideal, especially when pre-construction and post-construction 
data are available. 
This is not the case in Zimbabwe, where collection of most 
of the data for gauges downstream of most dams starts after 
the dam has been constructed. This should not deter research, 
however, as it is equally important to understand continued 
hydrologic changes post dam construction, which only a few 
studies have looked at. Continued hydrologic alterations post 
dam construction are very important in a climate change era 
with growing municipal, industrial and agricultural demands 
for water (Pegg et al., 2003). Additionally, the spatial patterns 
of the hydrologic alterations post dam construction are rarely 
evaluated (Jiang et al., 2014). Notwithstanding, knowledge on 
how the hydrological effects of damming dissipate within the 
river system is of importance, as understanding the down-
stream recovery will be of much help in restoration efforts, 
which have become popular in recent times. The study of these 
effects is also of importance in a tropical sub-Saharan African 
set-up, where such studies are rarely conducted and river resto-
ration issues are yet incipient. 
The current study uses the Range of Variability Approach 
(RVA; Richter et al., 1996; Mathews and Richter, 2007, Yang et al., 
2014) to characterize streamflow post dam construction in differ-
ent sections of the Manyame catchment, Zimbabwe. We identify 
continued alterations post dam construction, upstream and at 
different distances downstream of dams, to identify sections with 
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the highest potential for ecological disruption and to understand 
how hydrological alterations dissipate downstream of dams. We 
hypothesize that streamflow characteristics post dam construc-
tion are similar at all sections of the river; upstream and down-
stream of dams. We also hypothesize that there are continued 
hydrologic alterations in all sections of the river (downstream or 
upstream of a dam) post dam construction.
METHODS
Study area
The Manyame catchment (Fig. 1) is one of seven major river 
basins constituting the Zimbabwean hydrological water 
management system. The catchment has a total estimated 
area of 40 497 km2 (ZINWA, 2014) and is the most urbanized 
catchment in Zimbabwe, incorporating four administrative 
provinces, namely, Harare Metropolitan, Mashonaland East, 
Mashonaland West and Mashonaland Central. The catchment’s 
need for water for municipal, agricultural, industrial and 
mining purposes is therefore apparent. It is thus characterized 
by impoundments on the Manyame River main stem and on 
its tributaries. Our study focused on a subcatchment covering 
the main stem (Manyame River) and Mukwadzi River (Fig. 1). 
This area was specifically chosen as it encompasses the most 
dammed part of the catchment. There are 6 relatively-large 
dams in this subcatchment, namely, Harava Dam, Seke Dam, 
Lake Chivero, Manyame Dam (formerly known as Darwendale 
Dam), Biri Dam and Mazvikadei Dam (Table 1). Five of 
these large dams are on the Manyame River and only one 
(Mazvikadei Dam) is on the Mukwadzi River.
We used Zimbabwe National Water Authority (ZINWA) 
daily streamflow records from nine gauging stations (C2, C104, 
C3, C17, C61, C75, C74, C64 and C77; Table 2) in the Manyame 
River catchment. These gauging stations were assigned site num-
bers (in this study) and are henceforth referred to as Sites 1 to 9, 
respectively (Table 2, Fig. 1). Sites 1 and 2 were upstream of dams, 
while Sites 3–9 were at different distances downstream of dams. 
According to Pyron and Neumann (2008), sites in the region of 
8 km downstream of a dam could still suffer from hydrological 
influences of damming. Thus, we chose three different distances 
to investigate the downstream hydrological influences of dams. 
Consequently, Sites 3 and 4 were 0–10 km downstream of dams, 
Sites 5, 6 and 7 were 11–20 km downstream of dams and Sites 8 
and 9 were >20 km downstream of dams. There is also a general 
increase in drainage area as we move from Site 1 to Site 9; the 
smallest drainage area being 409 km2 at Site 2 and the largest 
drainage area being 9 744 km2 at Site 9.
Figure 1
The Manyame catchment gauging stations (marked 1–9) used in this study
TABLE 1














Harava 1973 215 9
Seke 1929 109 4
Chivero 1952 2 630 40 250
Manyame 1976 8 100 28 480
Biri 2000 112 35 172
Mazvikadei 1988 2 300 63.5 360
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variable has changed significantly during that time interval 
(Pyron and Neumann, 2008). The streamflow characteristics of 
sites are given as the long-term median of the 67 variables.
IHA version 7.1 software (Mathews and Richter, 2007) 
was used for this analysis. One-way analysis of variance (one-
way ANOVA) was performed using SPSS version 16 to assess 
how the streamflow characteristics and the number of altered 
hydrologic variables varied with dam position. Where signifi-
cant differences were observed, a post-hoc Tukey’s Honestly 
Significant Difference (HSD) test was done to verify which site 
categories differed. We used correlation coefficients from IHA 
regression to plot a principal component analysis (PCA) in 
CANOCO version 5 (Šmilauer and Lepš, 2014). The PCA was 
used in identifying the hydrological alterations that best char-
acterize the different sites.
RESULTS
Streamflow characteristics post dam construction
Of the 67 statistical parameters used to characterise stream-
flow in this study, significant differences among site category 
characteristics (long-term means) were only noted for 11 
variables (ANOVA, p<0.05; Table 3). These variables included 
monthly flows for October, November, December, July, August 
and September, 90-day minimum, number of zero-flow days, 
high-pulse duration, extreme-low-flow duration and high-flow 
timing. Monthly flows for October, November, December, 
July, August and September and the 90-day minimum were 
significantly lowest (Tukey’s HSD, p<0.05) at sites situated 
0–10 km downstream of dams, compared to all of the other site 
categories which did not significantly differ from each other. 
Zero-flow days, high-pulse duration and extreme-low-flow 
duration were significantly highest (Tukey’s HSD, p<0.05) at 
sites situated 0–10 km downstream of dams compared to all of 
the other site categories which did not significantly differ from 
each other. High-flow timing was significantly highest (Tukey’s 
HSD, p<0.05) at sites situated 0–10 km and those situated 
11–20 km downstream of dams compared to all of the other site 
categories which did not significantly differ from each other. 
There were no significant differences in any of the other vari-
ables across all site categories.
Hydrologic alteration trends post dam construction 
Regression analysis showed that there has been continued 
alteration of hydrologic variables in the Manyame catchment 
Quantifying streamflow characteristics and hydrologic 
alteration
The RVA (Richter et al., 1996; Mathews and Richter, 2007, 
Yang et al., 2014) and its associated Indicators of Hydrologic 
Alteration (IHA) software were used to characterize streamflow 
and detect altered hydrologic variables at different sites post 
dam construction. This method, which consists of 67 statisti-
cal parameters (Appendix 1), was first described by Richter et 
al. (1996) using 33 different hydrological indices. These indices 
were termed Indicators of Hydrologic Alteration (Richter et 
al., 1996) and grouped into 5 categories: magnitude, timing, 
duration, frequency and rate of change of discharge (King et al, 
2008; Tharme, 2003). Thirty-four (34) other parameters were 
added to the IHA software in 2005 in order to characterize the 
hydrograph in a manner that is representative of key flow–ecol-
ogy relationships (Mathews and Richter, 2007). These were 
termed ‘Environmental Flow Components’ (EFCs) and consist 
of five groups of flow, i.e., extreme low flows, low flows, high flow 
pulses, small floods, and large floods. 
The RVA has been used by scientists and water managers 
worldwide in environmental flow-related studies (Tharme, 2003; 
Nature Conservancy, 2007; Mathews and Richter, 2007) as it is 
considered to be holistic (Mathew and Richter, 2007) or ecologi-
cally grounded (Tharme, 2003; Smakhtin and Anputhas, 2006). 
The method has been used to examine and identify the effects 
of dams (Galat and Lipkin, 2000; Pegg et al., 2003; Magilligan 
and Nislow, 2005; Singer, 2007; Gao et al., 2013) and land cover 
(Schoonover et al., 2006), and the potential effects of hydrologic 
management compared to natural flow conditions (Richter et al., 
1997; Shiau and Wu, 2004). In the majority of cases, the method-
ology has been used in trend analysis of pre- and post-regulation 
scenarios, to characterize the flow-related changes experienced 
by regulated rivers. However, the method can likewise be utilized 
to perform a trend assessment of more gradual changes in hydro-
logic conditions, for example, those owing to transformation of 
a forest to agricultural use, or resulting from environmental and 
climate change. While less dramatic than the adjustments appar-
ent in the hydrograph after development of a dam, trend assess-
ment can distinguish parameters that have changed over time 
(Mathews and Richter, 2007). In this instance, the RVA calculates 
Spearman Rank Correlation coefficients (SRC) for each of the 67 
statistical variables to establish whether a variable has changed 
significantly within a given time span. SRC values range from −1 
to 1 with values closer to 1 or −1 indicating a strong positive or 
negative temporal correlation. Significant regressions with time 
(derived from the SRC values at p<0.05) imply that a hydrological 
TABLE 2











1 C2 31°07'E 18°00'N 777 1958–2011 Upstream
2 C104 30°29'E 17°23'N 409 1989–2010 Upstream
3 C3 31°04'E 17°59'N Seke 793 1951–2010 0–10 km
4 C17 30°46'E 17°53'N Chivero 2 220 1953–2008 0–10 km
5 C61 30°13'E 17°21'N Biri 5 340 2001–2013 11–20 km
6 C75 30°19'E 17°06'N Mazvikadei 1 730 1989–2011 11–20 km
7 C74 30°18'E 17°05'N Mazvikadei + Biri 6 107 2001–2013 11–20 km
8 C77 31°22'E 16°55'N Mazvikadei + Biri 8 010 2001–2013 >20 km
9 C64 30°29'E 16°40'N Mazvikadei + Biri 9 744 2001−2013 >20 km
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post dam construction (Table 4). Only IHA Group 3 vari-
ables (timing of annual extreme water conditions) remained 
unaltered. Sites with significant hydrologic alterations in 
IHA Group 1 (magnitude of monthly water conditions) had 
increased early summer (September – November) flows 
upstream of dams while the same was not significantly altered 
in all of the other site categories. The winter flows (June to 
August) decreased at 0–10 km distances downstream of 
dams and did not significantly change in all the other site 
categories. Altered IHA Group 2 variables (magnitude and 
duration of annual extreme water conditions) resulted in 
increases in 1-day, 3-day, 7-day and 30-day minimum flows 
at upstream sites and at sites located >20 km downstream of 
dams, but the 7-day and 30-day minimum flows decreased 
at 0–10 km distances downstream of dams. There was also 
a significant increase in the number of zero-flow days in 
the 0–10 km distance downstream of dams, while the same 
remained unchanged 11–20 km downstream of dams, and 
decreased upstream and at sites situated >20 km downstream 
of dams. The base flow index increased upstream of dams 
and remained unchanged in all of the other site categories. 
The variables in IHA Group 4 (frequency and duration of 
high and low pulses) that were significantly altered resulted 
in an increased number of low pulses at sites situated 11–20 
km downstream of dams while the same did not change for 
all of the other site categories. The number of high pulses on 
the other hand decreased 0–10 km downstream of dams and 
remained unchanged for the other site categories. Alteration 
in IHA Group 5 variables (rate and frequency of water condi-
tion changes) led to a decrease in the number of reversals in 
the sites situated 0–10 km downstream of dams and remained 
unchanged for all of the other site categories. 
For the EFCs, there was a decrease in the December low 
flows at sites located 11–20 km downstream of dams and 
increases in October and November low flows at upstream 
sites. The other site categories remained unchanged. July low 
flows decreased 0–10 km downstream of dams and remained 
unchanged for all of the other site categories. Extreme-low-
flow frequencies decreased at upstream sites and remained 
unchanged for all of the other site categories. Small-flood 
timing was only altered at distances > 20 km downstream of 
dams, where they occurred at a later date than previously. This 
site category (> 20 km downstream of dams) also experienced 
a significant increase in small-flood rise rate and a decrease 
in small-flood fall rate. Alteration of large-flood EFCs led to 
changes in large-flood timing at sites situated 0–10 km down-
stream of dams. The large floods arrived later than usual and 
there was a decrease in large-flood duration. There was also a 
decrease in the large-flood duration and large-flood fall rate 
in the 11–20 km distance downstream of dams.
Multivariate analysis
The first four PCA axes accounted for 84.33% of the total 
variation. The first and second axes accounted for 66.59% 
(Fig. 2) of the total variation, explaining 34.41% and 32.18%, 
respectively. Site categories were clearly distinguished by 
Axes 1 and 2. All of the variables that had small regression 
values (that are closer to zero – basically unaltered) were 
negatively associated with Axes 1 and 2, clustering in the first 
quadrant (top left hand side) of the PCA. These variables were 
associated with sites located at >20 km distances downstream 
of dams (Sites 8 and 9). Sites located 0–10 km (Sites 3 and 4) 
and 11–20 km (Sites 5, 6 and 7) downstream of dams loaded 
positively on Axis 2, being easily distinguished by 18 vari-
ables. They were characterized by alterations in zero-flow 
days, low-pulse duration, extreme-low-flow duration, small-
flood rise rate, large-flood timing, rise rate, extreme-low-flow 
frequency, high-flow timing, small-flood frequency, extreme-
large-flood peak, large-flood rise rate, number of low pulses, 
TABLE 3
Streamflow characteristics that significantly differed in different sections of the Manyame catchment according to position 
from a dam (mean±standard deviation)
Variable
Site Category
Upstream 0–10 km  Downstream
11–20 km  
Downstream
>20 km  
Downstream
Magnitude of monthly water conditions (m2)
October 0.3±0.18 0.0±0.00a 0.49±0.2 0.53±0.1
November 0.33±0.21 0.0±0.00a 0.51±0.2 0.61±0.2
December 0.40±0.25 0.01±0.0a 1.09±0.5 3.04±2.3
July 0.36±0.19 0.01±0.0a 0.64±0.3 0.42±0.0
August 0.31±0.19 0.0±0.00a 0.55±0.2 0.35±0.1
September 0.33±0.2 0.0±0.00a 0.54±0.2 0.44±0.2
Magnitude (m3) and duration of annual extreme water conditions
90-day minumum 0.37±0.15 0.0±0.00a 0.52±0.2 0.39±0.1
Number of zero-flow days 0.0±0.0 139±81a 1.33±2.3 2.00±2.83
High-pulse duration 6.38±2.3 13.8±0.7a 4.25±0.4 4.5±0.7
Extreme low flows
Extreme-low-flow duration 5.0±2.83 76.3±93a 5.58±1.4 5.5±2.12
High-flow pulses
High-flow timimg 22.75±2.47 96.4±11a 90±113a 14.38±9
Superscript values indicate values that are significantly different within the same row (Tukey’s HSD, p < 0.05).
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TABLE 4
IHA regression results: Spearman rank correlation coefficients for hydrological variables at sites in Manyame Catchment 
(only showing variables with at least one significant regression in the same row)
Variable
Site Category
Upstream 0–10 km  Downstream
11–20 km  
Downstream
>20 km  
Downstream
Magnitude of monthly water conditions
October 0.72* −0.32 −0.31 0.18
November 0.57* −0.38 −0.31 0.19
July 0.05 −0.5* −0.38 0.33
September 0.45* −0.18 −0.23 0.20
Magnitude and duration of annual extreme water conditions
1-day minimum 0.45* −0.41 −0.29 0.45*
3-day minimum 0.46* −0.43 −0.33 0.47*
7-day minimum 0.49* −0.5* −0.36 0.45*
30-day minimum 0.55* −0.5* −0.35 0.45*
90-day minimum 0.30 −0.41 −0.45* 0.36
Number of zero-flow days −0.56* 0.8* 0.07 −0.46*
Base flow index 0.49 −0.3 0.16 0.29
Frequency and duration of high and low pulses
Number of low pulses −0.03 0 0.55* −0.08
Number of high pulses −0.12 −0.5* −0.23 0.06
Rate and frequency of water condition changes
Number of reversals −0.35 −0.6* −0.17 −0.02
Monthly low flows
October low flow 0.56* 0.16 −0.30 −0.29
November low flow 0.45* 0.26 −0.35 −0.01
December low flow 0.10 0.06 −0.51* 0.24
March low flow 0.13 −0.28 −0.16 0.45*
July low flow 0.10 −0.34 −0.41 0.43
Extreme low flows
Extreme low-flow frequency −0.47* 0.34 0.40 −0.12
Small floods
Small-flood timimg −0.09 −0.04 −0.11 0.56*
Small-flood rise rate 0.06 0.33 0.21 0.46*
Small-flood fall rate −0.1 −0.17 −0.22 −0.53*
Large floods
Large-flood duration 0 −0.29 −0.56* 0
Large-flood timing 0 0.7* −0.20 0
Large-flood fall rate 0 −0.42 −0.62* 0
*indicates significant regressions with time at p < 0.05
high-flood rise rate, Julian date of minimum flow and large-
flood peaks. The rest of the variables were positively associ-
ated with upstream sites (Sites 1 and 2) and sites located at 
>20 km distances downstream of dams on Axis 2. Axis 1 
further distinguished the upstream sites from sites located at 
>20 km distances downstream of dams. The upstream sites 
loaded negatively on Axis 1 and Axis 2, being character-
ized by increased February, March, April and August flows; 
increased August, September, October and November low 
flows; and increased large-flood frequency, high-flow peaks, 
high-flow fall rate, high-flow duration, small-flood dura-
tion and 30-day maximum flows. The PCA therefore shows a 
gradient of different hydrological alterations. Upstream sites, 
sites located 0–10 km downstream of dams and sites located 
11–20 km downstream of dams were characterized by differ-
ent kinds of hydrological alterations while sites located >20 
km downstream of dams were characterized by variables that 
were not significantly altered.
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DISCUSSION
Stream-flow characteristics post dam construction
Our results indicate that different river sections have different 
streamflow characteristics post dam construction. The stream-
flow characteristics are especially different in the first 10 km 
downstream of a dam while the upstream and further down-
stream sections are not different. These differences are strongly 
pronounced in the second half of the year July to December, 
which have significantly reduced flows in downstream sections 
0–10 km downstream from dams compared to other sections. 
We reported increased zero-flow days, high-pulse duration, 
high-flow timing and extreme-low-flow duration at sites situ-
ated 0–10 km downstream of dams compared to other site 
categories. These findings are typical of river flow after dam 
construction. Yang et al. (2008) reported decreased median 
of monthly flows, decreased medians of annual 1-, 3-, 7-, 30-, 
and 90-day minimum and maximum flows, higher low pulse 
and high pulse counts, and decreased medians of fall rate, rise 
rate, and number of reversals in the post-damming period of 
the Yellow River, China. However this was in comparison with 
the pre-dam construction period – hence the increased num-
ber of altered variables on their studies. The consistent trend 
in the affected stream-flow characteristics is that the main 
changes include significant decline of high flows and increase 
of low flows. These kinds of changes (significantly reduced 
flows) in streamflow characteristics are known to have adverse 
effects on biodiversity and the persistence of viable wetlands 
(Donders et al., 2005; Yang et al., 2008). 
Although all of the different sections of a dammed river 
have potential for ecological disruption, downstream sites 
located 0–10 km from the dam wall are the most vulnerable. 
These differences reflect the operation rules of the Manyame 
catchment dams. Manyame catchment dams typically store 
water in winter (May–July) and only release it on demand from 
downstream farmers and as minimum flows. Flow therefore 
becomes erratic from July onwards giving rise to different 
streamflow characteristics at upstream and downstream sec-
tions. Water is not released from the dams until the middle of 
the rainy season (January–February) when the dams are full or 
almost full. River flow characteristics therefore become similar 
at all sections from January through to June. This set up meets 
the requirements of Zimbabwean law which stipulates that a 
catchment plan must prescribe the minimum amount of water 
set aside for the environment (Zimbabwe, 1998). However, this 
approach falls short of an elementary scientific principle; the 
integrity of lotic systems depends on their natural variability 
(Poff et al., 1997). Management must therefore target enhanc-
ing the natural flow variability of the river instead of meeting 
target flows. However, with the rapidly growing human popu-
lations and increased water consumption and energy demands 
it is almost impossible to restore the river’s natural variability. 
Despite this challenge, management must consider develop-
ing new reservoir management schemes without significantly 
affecting the main purposes of the dams (Jiang et al., 2014).
Figure 2
PCA relating hydrological variables to different sites (labelled as Sites 1–9) in the Manyame catchment. Acronyms are given in full in Appendix 1.
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Multivariate analysis indicates that while this change in 
hydrology is strong and apparent in the 0–10 km range, it is 
slightly felt in the 11–20 km range and totally disappears at 
distances >20 km downstream of dams. Dam induced hydrologic 
fragmentation in the Manyame catchment therefore resulted in 
different sections of the river being dominated by different flow 
regimes. However, the fragmentations in the Manyame catch-
ment are minor as they are restricted mainly to the upper sec-
tions of the catchment and totally disappear at distances greater 
than 20 km. By definition, a river is considered to be severely 
fragmented when only less than a quarter of its main channel 
does not have a dam and the stream-flow pattern has changed 
substantially (Revenga et al., 2000). This is not the case with the 
Manyame catchment where more than half of the catchment still 
remains undammed and flow has not been substantially changed 
on many sections. 
Hydrologic alteration trends post dam construction 
Our results indicate that the flow regime at different sections of 
the Manyame catchment has been altered over the past 49 years 
post dam construction. Flow alteration has been reported to 
be ubiquitous the world over (Pyron and Neumann, 2008) and 
research has attributed this to the widespread construction of 
dams (Pringle et al., 2000; Magilligan and Nislow, 2005; Pyron 
and Neumann, 2008). However, it is clear from our study that 
hydrological alterations have continued to occur in all sections of 
the river post dam construction. The observed alterations raise 
concerns about possible interactions of dam influence and climate 
change. Many studies have managed to show that streamflow var-
iations were correlated with the spatial and temporal distribution 
of precipitation (Alberts et al., 2004; Gao et al., 2013). Yang et al. 
(2008) argues that it is almost impossible to differentiate individ-
ual roles of climate change and human activities in hydrological 
alterations as complicated climatic changes also have the potential 
to affect the flow regimes. It is therefore necessary to quantify the 
possible impacts of climate change on hydrological alterations 
in ongoing research. It is also important that the consequential 
ecological damages of such changes are quantified as they are not 
extensively understood (Pyron and Neumann, 2008).
Multivariate analysis: identifying hydrologic alterations 
associated with different sections of the river depending 
on dam position
While the streamflow characteristics have been altered in the 
Manyame catchment, the altered variables are different in dif-
ferent sections of the catchment. PCA results showed a gradient 
of alteration indicating the influence of the presence, position 
or distance from the dam. Sites located at >20 km distances 
downstream of dams had the least alteration compared to other 
site categories. This concurs with findings by other authors 
who reported that the downstream effects of dams decreased 
as distance from the dam increased (Richter et al., 1998; Galat 
and Lipkin, 2000; Batalla et al., 2004; Jiang et al., 2014). At such 
great distances the influence of the dam on the flow regime 
is reduced. Batalla et al. (2004) attributed this behaviour to 
increasing drainage area while Galat and Lipkin, (2000) found 
that the effects of hydrologic alteration dissipate below tribu-
tary junctions. The drainage area at distances >20 km in our 
study was comparatively larger than the area at distances 0–10 
km and 11–20 km downstream of dams and hence we are able 
to attribute the attenuated effects of damming to the drainage 
area and influence of tributaries. Batalla et al. (2004) reported 
recovery to occur after tens of kilometers and doubling of 
drainage area in the Najerilla and the Arago rivers in Spain. 
The flow regime at such sites is therefore being determined by 
other streams and not only by the dammed site. Tributaries 
have been reported to play an important role in characterizing 
the downstream hydrological and chemical characteristics of 
water as they ‘dilute’ the effects of damming and other distur-
bances upstream (Katano et al., 2009; Jiang et al., 2014). 
Little is usually mentioned about the upstream hydrologic 
impacts of dams as the focus is usually downstream. However, 
it is clear from our study that the dam not only has an impact 
downstream but upstream as well. The variables that continue 
to be altered upstream of a dam post construction include 
September, October and November flows; 1-day, 3-day, 7-day 
and 30-day dam minimum flows; number of zero-flow days, 
base-flow index; October and November low flows and extreme-
low-flows frequency. The continued change in these flows can be 
attributed to the backflow from the dam which renders particu-
lar sections of the river lentic as well. This transformation from 
a lotic to a lentic system is bound to have ecological impacts as 
organisms that are adapted to lotic systems suddenly have to 
adapt to a lentic system. The continued hydrologic alteration and 
increase in these variables can be attributed to a decreasing dam 
storage capacity caused by sediment deposition, as reported by 
Yang et al. (2008) on the Yellow River, China.
CONCLUSION
Stream-flow characteristics at different sections in the Manyame 
catchment are dependent on the presence, position and distance 
from the dam. Manyame catchment is therefore hydrologi-
cally fragmented with the streamflow characteristics upstream 
of dams being different to those immediately downstream of 
dams. The extent of fragmentation in the catchment is however 
minor as the greater part of the rivers remain free-flowing and 
the downstream impacts are only limited to the first 20 km, 
after which the downstream effects of the dams are diminished. 
However, hydrologic alteration has continued to persist in the 
Manyame catchment post dam construction. The main changes 
entail a continued replacement of high flows, floods and mini-
mum flows by extreme low flows and an increased number of 
zero-flow days at downstream sites. Upstream changes entail a 
continued alteration and increase in high flows. These contin-
ued changes to the flow regime raise important concerns about 
the interactions of hydrology with other factors like sediment 
deposition upstream of dams and climate change. We recom-
mend that catchment managers aim to enhance the natural flow 
variability of the river instead of meeting target flows. 
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APPENDIX 1
TABLE A1
The 67 Range of Variability Approach (RVA) variables with 
acronyms used in Fig. 2.
RVA variable Acronym used in Fig. 2
Indicators of Hydrologic Alteration (IHA) variables
























Number of zero-flow days O-
Base-flow index Bflw
Group 3 – Timing of annual extreme water conditions
Date of minimum DateMin
Date of maximum DateMax
Group 4 – Frequency and duration of high and low pulses
Number of low pulses LPCount
Low-pulse duration LPDur
Number of high pulses HPCount
High-pulse duration HPDur
Group 5– Rate and frequency of water condition changes
Rise rate RiseRat
Fall rate FallRat
Number of reversals Revsls
Table A1 (continued)
RVA variable Acronym used in Fig. 2
Environmental Flow Component (EFC) variables
Monthly low flows
October low flow OctLF
November low flow NovLF
December low flow DecLF
January low flow JanLF
February low flow FebLF
March low flow MarLF
April low flow AprLF
May low flow MayLF
June low flow JuneLF
July low flow JulLF
August low flow AugLF
September low flow SeptLF










High-flow rise rate HFRRat






Small-flood rise rate SFRsRat






Large-flood rise rate SFRsRat
Large-flood fall rate SFFlRat
 
